Abstract Continuous laboratory experiments have confirmed that the construction of the USSB reactor was suitable for the combination of several biological wastewater treatment processes and that both anaerobic and denitrifying anoxic granules could be cultivated inside a compact reactor. The anoxic granules were transformed from the anaerobic granules after the shift from anaerobic to anoxic conditions in the upper compartments of the USSB reactor. The denitrification in such a system can be very intensive and efficient because of the high concentration of the sludge in anoxic compartments, and the high activity of the sludge due to a high and stable temperature. The denitrification rate of 62 mg N/l.h (at 35°C) was achieved in spite of COD-limited conditions in the anoxic compartment of the USSB reactor. Maximum specific activity of anoxic granules 47 mg N/g VSS.h (at 35°C, with glucose as substrate) was found in batch tests. The anoxic granules originating from the anaerobic granules have still demonstrated a significant methanogenic activity comparable with the anaerobic granules.
Introduction
The capability of the biomass to grow in dense compact aggregates (granules) was demonstrated in both anaerobic and anoxic conditions (Lettinga et al., 1980; van der Hoek, 1988) . The primary cultivation of biomass granules is a difficult and long-term process. However, the use of anaerobic granules is not a serious problem in practice today, when an excess granular sludge is produced in full-scale reactors. Unfortunately, for denitrifying granules there has not yet been such opportunity. The research was therefore done with the adaptation of anaerobic granules to anoxic conditions and focused to the change of the specific activity of sludge. For the experiments a vertically compartmentalized reactor USSB was chosen allowing an easy and flexible differentiation of the reactor zones (van Lier et al., 1994) .
Materials and methods
The lab-scale upflow staged sludge bed (USSB) reactor with the five compartments was operated within a mesophilic temperature range of 35°C and with an artificially prepared glucose-based wastewater. After the certain period of operation, an aerobic biofilm reactor was integrated to produce a nitrate rich effluent. The volumes of the reactors were: USSB 4.0 l, aerobic biofilm reactor 4.0 l, and secondary settler 0.5 l. The height of the USSB reactor was 55.0 cm. The narrowest upflow cross-section at the end of the separator was 30% of the full section. After the start-up procedure, when USSB reactor was operated only as anaerobic, the system was extended to anaerobic-aerobic as shown in Figure 1 .
Glucose was chosen as a substrate for this experiment, and as sources of macronutrients (NH 4 ) 2 CO 3 , KH 2 PO 4 and MgSO 4 were added with the supplement of micronutrients mixture (Jenicek et al., 1999) . The ratio of COD:N:P:S was 100:10:1:0.5. The high concentrations of nutrients were chosen on account of aerobic post-treatment. For the reactor start-up a screened suspended anaerobic sludge with an organic fraction of 52.0% from the digester of the Prague Central Wastewater Treatment Plant was used as a seed material. The basic parameters of the USSB in the anaerobic-anoxic period of operation are shown in Table 1 .
Analytical procedures were carried out according to Standard Methods, the biogas composition and volatile fatty acids were determined by gas chromatography. The specific methanogenic activity of the anaerobic sludge was assessed by a serum bottle test with the volumetric measurement of biogas production (Dolfing and Bloemen, 1985) . The methanogenic activity was tested with a treated wastewater and with a mixture of acetate and propionate (2:1 as COD). The denitrification activity was expressed as nitrate uptake rate (NUR) (Kristensen et al., 1992) . All tests were performed at an operational temperature of the USSB reactor (35°C).
Results and discussion
Results already presented formerly (Jenicek et al., 1999) have shown that a vertically compartmentalized system could very efficiently remove both organic pollution and nitrogen compounds. The USSB reactor with anaerobic-anoxic configuration coupled with the aerobic biofilm reactor demonstrated removal efficiency of COD (influent 7 g.l -1 ) and inorganic nitrogen (influent 350 mg.l -1 ) over 99% and 90%, respectively. The paper is focused on the results related to the dynamics of specific biomass activity in separated compartments of the USSB reactor, to the biomass activity distribution and to the morphology of biomass aggregates. The USSB reactor was initially operated in a fully anaerobic mode and then in an anaerobic-aerobic mode (see Figure 1 ). The biomass stratification in the reactor is illustrated in Figure 3 . The graph shows the biomass concentration and the development of new sludge beds in the upper compartments of the USSB reactor during the anaerobic-aerobic period of operation. A good accumulation of sludge in the reactor was achieved thanks to its high settling velocity and to a good separation capability of the skew baffles in the reactor. The washout and flotation of sludge were minimal and those processes were possible to control by keeping a low sludge bed in the upper compartment a. The sludge concentration (TSS) in the effluent ranged between 25-180 mg.l -1 with an average value of 63 mg.l -1 . Almost complete denitrification in the compartment b led to low nitrate and nitrite concentrations and prevented sludge floating. The changes in biomass quality were observed by the microscope and by the determination of specific denitrifying and methanogenic activities.
Denitrification activity
The initial denitrification activity of anaerobic sludge during the anaerobic start-up procedure was low and almost stable. The specific NUR, expressed as nitrate nitrogen uptake rate per weight of VSS of the sludge, ranged between 0.5-2 mg/g.h. The reduction of nitrate only to nitrite was observed during the first hours of the activity test, the complete denitrification (removal of all oxidized forms of N) required a longer time of about 2 days.
After the change of the UASB reactor operation to the anaerobic-anoxic mode, a sharp increase of the denitrification activity occurred. The specific NUR of the anoxic sludge a and b was significantly higher in comparison with the anaerobic sludge c, d, e. The maximum value of the specific NUR (47 mg N-NO 3 /gVSS.h at 35°C, with glucose as substrate) reached the sludge a. The typical courses of the NUR tests are presented in Figure 4 . The removal of nitrite produced at the first step of denitrification was slow again during the tests of anaerobic sludge c, d, e. The difference of the NUR (nitrate uptake rate) and the NNUR (nitrate + nitrite uptake rate) is shown in Figure 5 . Surprisingly a great difference in the activity of sludge a and b was found, probably due to the different occurrence of nitrate and nitrite reducers.
Both in the batch tests and in the USSB reactor, the elimination of nitrates proceeded via denitrification. Ammonification was negligible due to low COD/N-NO X ratio (about 5). It is in accordance with results published by Akunna et al. (1992) . The ammonium nitrogen concentration was determined during the denitrification tests but no increase of N-NH 4 was observed. On the contrary there was observed the loss of N-NH 4 in the range of 3-9 mg/l at the initial concentration of 20-40 mg/l for the anoxic and anaerobic sludge, whereas it was only 1-3 mg/l at parallel tests with the activated sludge from the Prague Central Wastewater Treatment Plant. Anoxic deammonification could be responsible for that loss, but we did not have enough data to draw such a conclusion.
Denitrification rates of anoxic sludge were higher when compared with the rates commonly observed in activated sludge. Relatively high values were achieved thanks to a high operation temperature. The strong dependence of the denitrification rate on temperature 
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a n a e robic a n a e robic-anoxic compartments of USSB Figure 3 The concentration of total suspended solids (TSS) in the compartments of the USSB reactor at different operational alternatives was described previously (Henze, 1991) . The NUR measured at 20°C was 75% lower when compared with the NUR at 35°C. Another important factor was the selection of the highly specialized anoxic biomass, exposed only to anoxic conditions, in contrast to the activated sludge in biological nutrient removal systems, where the sludge passed periodically aerobic, anoxic (and anaerobic) zones. Denitrification in USSB reactor was influenced by a lack of readily biodegradable substrate after anaerobic pretreatment. However, even in such COD-limited conditions the highly efficient denitrification was achieved due to the stable temperature of 35°C, and the high sludge concentration in anoxic compartments (up to 10 g/l). The maximum volumetric removal rate of N-NO 3 of 62 mg/l.d was observed. For the efficient denitrification the optimal exploitation of reduced organic and inorganic compounds of anaerobic effluent (methane, hydrogen sulfide etc.), which could play the role of required organic substrate (Werner and Kayser, 1991; Garuti et al., 1992) was also important. In an anaerobic-anoxic arrangement of the USSB reactor no inefficient loss of such compounds happens in contrast with the common anaerobic-aerobic systems.
The morphological observation of granular sludge confirmed that the anaerobic granules are aggregates with size 0.5-2 mm of irregular shape. Anoxic granules were of similar appearance, but the size decreased to 0.3-1 mm, which could be caused by different hydraulic conditions in the anoxic compartments. In addition, there was a recognizable increase of the amount of larger granules going down to the bottom of the reactor. This was observed even for the lowest compartment e, which was reserved for the sludge stabilization and where the origin of granules was not expected. The reason was the possibility of the falling of larger and heavier granules to the lower compartments, upstream of the wastewater flow. This feature is also the most important difference between vertically and horizontally compartmentalized reactors.
Methanogenic activity
The initial specific methanogenic activity of anaerobic sludge (inoculum) was 2.4 ml/g.h. The formation of granules was observed during the start-up after the initial strong washout of the sludge. The specific activity of sludge increased about 4 times and was similar in all compartments at the end of the anaerobic period of the USSB reactor operation (see Table  2 ). The sludge beds a and b were not tested because of the low concentration of the sludge.
Several weeks after the operational change to the anaerobic-anoxic regime, the dense sludge bed also appeared in upper compartments. The morphology of new anoxic and original anaerobic granules was similar, only the color of the anoxic granules was not black but gray-brown.
The specific methanogenic activity of the anaerobic sludge decreased especially in the compartment d. Acidogenic and acetogenic bacteria started to dominate there because of the high volatile acid concentration up to 4,500 mg/l (sum of acetic propionic and butyric acid). However, the anoxic granular sludge exhibited surprisingly high methanogenic activity comparable with the anaerobic sludge. The reason was probably the anaerobic origin of the granules and the possibility of keeping the anaerobic condition inside the granules also in the anoxic compartments. In addition, both nitrate and nitrite concentrations were very low, especially in the compartment a, and it was evident, that those anions could not reach the inner layers of the anoxic granules.
The observation of granules by means of the fluorescent microscopy confirmed the different character of anaerobic and anoxic granules. The anaerobic granules showed a clear and extensive presence of methanogenic bacteria. The response of anoxic granules was much lower. The methanogenic bacteria, whose presence was proven by the tests of methanogenic activity, are located in the centre of the granules and the layer of denitrifying bacteria covers them. 
Conclusion
The combined anaerobic pretreatment and denitrification of wastewater were successfully performed in the vertically compartmentalized USSB reactor. The advantages of such technological arrangement are the following:
• granular sludge can be formed in both anaerobic and anoxic compartments, • denitrifying granules can be produced by the changeover of anaerobic granules, • high rate anaerobic process is combined with high rate denitrification. In spite of the COD-limited conditions highly efficient denitrification was achieved thanks to the high and stable temperature of wastewater, the high concentration of biomass in anoxic compartments and the optimal utilization of specific quality of anaerobic effluent.
